We previously reported that a mouse model reflected, at least in part, the pathogenic mechanism of bacteremia observed during streptococcal toxic shock syndrome caused by group A Streptococcus (GAS). We have extended this study by assaying the in vitro adhesion of these same isolates to mammalian cells. Unexpectedly, we found that high-virulence GAS isolates in the mouse model showed low adhesion to the host cells. Similarly, the rate of recovery from the peritoneal cavity and cardiac blood of mice after intraperitonial injection was higher for high-than for low-virulence strains. Levels of expression of molecules that affect the adhesion of GAS to host cells were not significantly correlated with GAS virulence. Taken together, these results indicate that the invasiveness of GAS, reflected as higher virulence, is correlated directly with lower adhesion to host cells.
Introduction
The group A streptococci (GAS) cause various infectious disease, including invasive streptococcal toxic shock syndrome (STSS), which can be lethal (Smith et al., 2005) . Epidemiological studies have shown that GAS strains carrying emm1 and emm3 are more frequently isolated from STSS than strains carrying emm4, and emm12. Because GAS usually do not show significant virulence in mice, there has been no good mouse model reflecting the pathogenic mechanism of STSS. To analyze the pathogenic mechanism of GAS, we compared the virulence in mice of GAS clinical isolates carrying emm1, emm3, emm4 and emm12 by injecting these isolates into mouse peritoneal cavities. We found that GAS isolates carrying emm1 and emm3 showed higher virulence than those carrying emm4 and emm12, indicating that this mouse model reflected, at least in part, the pathogenic mechanism of bacteremia observed during STSS (Shiseki et al., 1999; Miyoshi-Akiyama et al., 2003) .
Adhesion of bacteria to the host cell is considered one of the most important processes in bacterial infection (Kerr, 1999; Raupach et al., 1999) . Many GAS products are known as adherence factors (Molinari et al., 1997; Schrager & Wessels, 1997; Fluckiger et al., 1998; Jadoun et al., 1998; Terao et al., 2001 Terao et al., , 2002a Mora et al., 2005) . Testing of the relationship between GAS adherence and virulence in animal models (Courtney et al., 1994; Wessels & Bronze, 1994; Terao et al., 2001 Terao et al., , 2002b has shown that, like other bacteria, GAS requires an adhesion step to colonize the host. In contrast to other types of GAS infection, GAS spreads rapidly throughout the body in individuals with STSS, making it likely that GAS causing STSS has particular features that allow it to interact with and adhere to the host cell.
While assessing our mouse model of STSS, we constructed a panel of GAS isolates with known virulence against mice following intraperitonial infection. In this study, we examined the adherence of these GAS isolates to mammalian cells. Unexpectedly, we found that isolates with higher virulence in mice showed lower adherence to mammalian cells. Our findings suggest that the adhesion of GAS to mammalian cells reduces virulence in our mouse model.
Materials and methods

Bacterial isolates and media
Profiles of GAS clinical isolates used in this study are summarized in Table 1 . To prevent phenotypic changes of the isolates during passage, all isolates were stored at À 80 1C until use. The GAS isolates were cultured in Brain-Heart Infusion broth (Difco) overnight in the presence of 5% CO 2 at 37 1C. The lethal dose 50% (LD 50 ) values indicated in Table 1 were based on our previous study (Shiseki et al., 1999) . In that study, GAS suspended at 0.5 mL of phosphate buffered saline (PBS) and fivefold serial dilutions was injected intraperitonially into female 6-weekold ddY mice (SLC Japan; 10 mice per group). The mice were observed for 3 days and the LD 50 was calculated.
emm typing and pulsed-field gel electrophoresis (PFGE) emm typing of the GAS isolates was performed as described ( http://www.cdc.gov/ncidod/biotech/strep/strepindex.htm ) with minor modifications. GAS isolates were compared by PFGE using a GenePath system (Bio-Rad) with SmaI digestion, as described (Miyoshi-Akiyama et al., 2003) .
GAS adhesion to mammalian cells
The mammalian cell lines used in this study included the mouse fibroblast cell line, L cells, as well as HeLa and HEp-2 cells. These cells were precultured overnight in 2 mL of Roswell Park Memorial Institute medium (RPMI) 1640 containing 10% fetal calf serum (FCS) at 1 Â 10 5 cell per well in 24-well culture plates. One hour before using the cells, the medium was replaced with 1 mL of fresh RPMI 1640 containing 10% FCS. The concentrations of overnight cultures of GAS isolates were adjusted to an OD 600 nm of 0.02, and a 20-mL aliquot of each GAS suspension, containing c. 2 Â 10 4 CFU of bacteria, was added to the mammalian cell cultures (MOI = 0.2). After 4 h of incubation in a humidified 5% CO 2 incubator at 37 1C, each well was washed five times with 1 mL of PBS, and 500 mL of DDW was added to disrupt the cells. After vortexing for 30 s, the suspensions were plated on duplicate sheep blood agar plates to determine the number of CFU. To analyze bacterial growth, the bacteria were recovered by centrifugation and the number was counted by plating as described above. To microscopically assay the adherence of GAS to L cells, the cells were cultured in chamber slides (Lab-Tek) with the GAS isolates, washed using the same conditions as described above, and the cells were subjected to conventional Giemsa staining.
Recovery of GAS from the abdominal cavity and bloodstream after intraperitonial injection
The OD 600 nm values of GAS isolates were adjusted to 2 and 20 with PBS for recovery from the peritoneal cavity and bloodstream, respectively, and 0.5 mL of each suspension was injected intraperitonial into ddY mice (four animals per GAS isolate). Under these conditions, c. 1 Â 10 8 and 1 Â 10 9 CFU per mouse were injected for recovery from the peritoneal cavity and bloodstream, respectively. The actual number of bacterial cells inoculated was confirmed by plating, as described above, and there was no significant difference among the isolates (data not shown). To recover bacterial cells from the peritoneal cavity, the latter was rinsed with 3 mL PBS 30 min after injection, and the collected PBS was used as the sample. To recover bacteria from the bloodstream, blood samples were obtained by cardiac puncture 3 h after injection. These samples were plated on sheep blood agar plates as described above.
Immunoblotting against M proteins
The constant region of the M6 protein gene was amplified by standard PCR using primers containing a BamHI site (5 0 -GGGAGGGGATCCGCATCACGTGAAGCTTAAGAAA-3 0 ) and a SalI site (5 0 -AGTGGCGTCGACTTAGTTTTCT TCTTTGGGTTT-3 0 ), and cloned into the corresponding sites of the his-tag expression vector, pQE30 (Qiagen). The resulting plasmid was introduced into Escherichia coli XL1-blue (Stratagene) and recombinant protein of the constant region of M6 was expressed using isopropyl-b-D-thiogalactopyranoside, and purified by affinity to Ni-chelate resin, as described by the manufacturers. The protein was further purified by cation-exchange column chromatography, and injected into rabbits using standard procedures. These antisera were used for immunoblotting. GAS isolates were cultured as above. After adjusting the bacterial cell number by measuring the OD, the cells were lysed in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer and subjected to standard SDS-PAGE followed by electroblotting on polyvinylidene difluoride (PVDF) membranes (NEN Life Science Products). Proteins were visualized using ECL (GE healthcare).
Hyaluronic acid quantification
Quantification of the amount of hyaluronic acid in each GAS isolate, using Stains-All (Sigma-Aldrich), was performed as described (Miyoshi-Akiyama et al., 2003) .
Far-Western blotting using fibronectin as a probe
To compare the profile of fibronectin-interacting proteins produced by each GAS isolate, far-Western blotting was performed using fibronectin as a probe. PVDF filters blotted with GAS lysates were prepared as described above. The filters were incubated with 10 mg mL À1 of fibronectin (Upstate Biotechnology), and the binding of fibronectin to the GAS proteins was detected using rabbit antifibronectin polyclonal antibody (Biomedicals Inc.) with the chemiluminescence systems described above.
Statistical analysis
Data were analyzed for significance by the Kendall's rank correlation test for nonparametric data. These analyses were performed using STAT-MACROS for MS-EXCEL (http://www.tuat. ac.jp/$ethology/Columbo/Stat/index.html), and P o 0.05 was used to indicate statistical significance.
Results
PFGE pattern and emm type of the GAS isolates
When we analyzed the GAS isolates used in this study by PFGE after SmaI digestion, we found that their PFGE patterns agreed with those reported previously (Stanley et al., 1995; Murase et al., 1999) (Fig. 1 ). ST1 to ST7 showed the same PFGE pattern without any polymorphism, although the emm type of ST2, emm89, differs from the type, emm3, in ST1 and ST3 to ST7. Thus, ST1 to ST7 have similar genetic backgrounds. The other isolates with emm4 (ST8, ST10, SF4, SF5, SF7, and SF10) or emm12 (SF6, SF8, and SF9) showed PFGE patterns that differed from each other. Fig. 1 . PFGE patterns of the GAS isolates used in this study. The GAS isolates were digested with SmaI and analyzed by PFGE. The names of the isolates and their emm types are shown.
Adherence of GAS isolates to mammalian cells
To compare the ability of these GAS isolates to adhere to mammalian cells, we utilized L cells, a mouse fibroblast cell line. The adhesion of these GAS isolates to L cells showed a significant inverse association with their virulence in mice (P = 0.0025) (Fig. 2a) . During the period of coculture with L cells (4 h), all isolates except ST10 showed essentially the same growth behavior (data not shown). When L cells were treated with the least virulent isolate, SF10, but not the most virulent isolate, ST1, GAS bacterial cells were observed on the surface of L cells. However, there was no difference in appearance between L cells incubated with SF10 and ST1, indicating that the difference in adhesion ability between these two isolates was not due to physical modification of L cells, such as disappearance from the assay system (Fig. 2b) . The lower adherence of ST1 compared with SF10 was also observed when these isolates were incubated with the human-derived cell lines HEp-2 and HeLa (Fig. 2c ), although the difference in adhesion between ST1 and SF10 was relatively small. These results indicated that high-virulence GAS isolates have lower ability to adhere to mammalian cells than low-virulence isolates.
To confirm that high-virulence GAS isolates have lower ability to adhere to mammalian cells in vivo, these isolates were injected into mice (intraperitonially) and recovered from the peritoneal cavity 30 min later. When we plotted the number of bacteria recovered for each isolate against its corresponding virulence, we found that GAS virulence in mice was correlated positively with GAS recovery from the peritoneal cavity (P o 0.00001; Fig. 3 ). As recovery was performed 30 min after injection, it is highly unlikely that the observed differences in number of bacteria recovered were due to bacterial growth. We previously reported that phagocytic cells (neutrophils) were induced by intraperitonial administration of GAS in mice (Miyoshi-Akiyama et al., 2005) . This induction required at least 3 h and maximized 12 h after GAS inoculation. Thus, the contribution of phagocytic killing of bacterial cells to the number of GAS recovered from peritoneal cavity was also minimal. These GAS virulence (LD 50 ; CFU per mouse) GAS recovered (CFU mL -1 ) Fig. 3 . Correlation of virulence with GAS recovery from the peritoneal cavity after intraperitonial injection into mice. GAS were recovered from the peritoneal cavities of mice 30 min after intraperitonial injection of the GAS isolates suspended in PBS, as described in Materials and methods. The number of GAS recovered (CFU mL
À1
) was plotted against virulence in mice (LD 50 ; CFU per mouse). The correlation was analyzed by Kendall's rank correlation analysis (P = 1.13 Â 10 À5 ).
results indicated that GAS isolates that showed higher recovery rates were trapped less frequently in the mouse peritoneal cavity than GAS isolates that showed lower recoveries.
GAS invasion into the bloodstream in mice
Next we investigated whether there was a correlation between the invasiveness of GAS isolates into the bloodstream and lethality in mice. The GAS isolates were injected into mice (intraperitonially), and blood samples were obtained by cardiac puncture 3 h later. We found that the appearance of GAS in the bloodstream after injection into the peritoneal cavity was significantly correlated with virulence (P o 0.00001, Fig. 4 ), suggesting that GAS isolates not trapped on host cells due to their lower ability to attach appear in the bloodstream more rapidly than GAS isolates that attach more efficiently to the host cells. Our results agree with previous findings, showing that GAS isolated from the blood shows lower adherence than GAS isolated from the throat or skin (Molinari & Chhatwal, 1998) .
Comparison of molecular features of the GAS isolates
As the low adhesion of GAS to L cells was correlated with high virulence in mice, the lower adherence reflects the ability of GAS to spread in the body. To identify possible candidates that may affect the ability to adhere to host cells, we examined the expression patterns of molecules reported as 'adhesins' of GAS.
GAS with mutations in the M protein and protein F genes showed markedly decreased host cell adhesion (Okada et al., 1994) . To compare the expression level of M protein among the GAS isolates, an antibody against the constant region of M6 protein was used for Western blotting analysis (Fig. 5a) . It is not appropriate to compare the M protein expression levels among GAS isolates carrying different types of emm, such as emm4, emm3, and emm12. ST1 to ST7, however, have similar genetic backgrounds, as shown on PFGE analysis (Fig. 1) , although these isolates showed marked differences in adhesion to L cells and virulence in mice. There were no significant differences in M protein expression level among these seven isolates, suggesting that M protein is not responsible for the difference in the ability of GAS isolates to adhere to host cells.
Because the hyaluronic capsule content of GAS isolates has been reported to act as an adherence factor via binding with CD44 (Schrager et al., 1998; Darmstadt et al., 2000) , to prevent phagocytic killing in co-operation with M protein, we assessed the hyaluronic acid capsule content in each GAS isolate. There was no correlation between the hyaluronic acid content of each GAS isolate and its virulence (Fig. 5b) (P 4 0.9). Although ST1, which has a mucoid phenotype, showed the highest hyaluronic acid content, other isolates showed similar hyaluronic acid levels. These observations suggest that differences in hyaluronic acid content among the isolates cannot explain the observed differences in their virulence.
We also examined the profile of fibronectin-binding proteins produced by the GAS isolates. GAS produces many factors that bind fibronectin (Bisno et al., 2003) , one of the major extracellular matrix proteins. Because distribution of the fibronectin-binding proteins in GAS depends to some extent on their emm type (Kratovac et al., 2007) and the emm types of the isolates used in this study differ from each other, we performed far Western blotting, using fibronectin as a probe, to distinguish among them (Fig. 5c) . Several proteins were detected in each isolate, and there were similarities among the profiles of the different isolates. By PCR, we confirmed that M1 and M3 type GAS, corresponding to the ST1, ST3-7, and SF1 isolates, do not carry the protein F gene (data not shown). Probing with fibronectin, however, detected proteins of around 110-130 kDa in ST3 to ST6 and 70-100 kDa in ST1 and ST2. Although proteins from the GAS isolates carrying emm other than emm3 (and emm89) showed reactivity with fibronectin, their expression level was not correlated with virulence or adhesion, suggesting that fibronectin-reactive proteins of GAS are not responsible for the differences in their ability to adhere to host cells.
Discussion
Our results are somewhat surprising, as GAS virulence was negatively correlated with the ability to adhere to P = 6.30x10 -5 GASvirulence(LD 50 ; CFU per mouse) 1000 10 4 10 5 10 6 10 7 10 8 10 9 GAS recovered (CFU mL -1 ) Fig. 4 . Correlation of virulence with GAS recovery in heart blood after intraperitonial injection into mice. GAS were recovered by puncture of the heart 3 h after intraperitonial injection of the GAS isolates suspended in PBS as described in Materials and methods. The number of GAS recovered (CFU mL À1 ) was plotted against virulence in mice (LD 50 ; CFU per mouse). The correlation was analyzed by Kendall's rank correlation analysis (P = 6.30 Â 10 À5 ).
mammalian cells. Assessments of the adhesion of GAS isolates from STSS and other GAS infectious diseases, such as superficial disease, showed only slight differences between them (Bennett-Wood et al., 1998) . In the present study, however, we found 10-100-fold differences between isolates using L cells as mammalian host cells. Among the mammalian cells tested, L cells showed the highest differences in the adherence ability of GAS isolates, suggesting that the discrepancies between our results and those of previous studies may be due to differences in the cell lines used. The inverse correlation between adherence to L cells and virulence in mice was maintained in additional 32 GAS clinical isolates tested (data not shown). Because higher amounts of GAS isolates showing lower adherence to host cells were recovered from the peritoneal cavities of mice after intraperitonial injection, compared with the recovery of more highly adherent GAS isolates, the in vitro assay we employed reflected in vivo conditions, at least in this mouse model. Several previous studies have shown that the genetic disruption of GAS molecules that affect bacterial adherence to mammalian cells attenuated the virulence in mouse models (Terao et al., 2001 (Terao et al., , 2002b Okamoto et al., 2004) . These findings, however, differed from our results and from those of a previous study regarding protein F1 (Nyberg et al., . Analyses of traits related to mammalian cell adhesion of the GAS isolates. (a) M protein expression level in the GAS isolates. GAS lysates, prepared as described in Materials and methods, were blotted and probed with antiserum against the constant region of the M6 protein. Because of differences in M-types among the isolates, the molecular weights of the M proteins are not the same. (b) Hyaluronic acid contents of the GAS isolates. Hyaluronic acid was quantified using Stains-All as described in Materials and methods, and the values were plotted against the virulence of the GAS isolates in mice. The correlation was analyzed by Kendall's rank correlation analysis (P = 0.9740). (c) Analysis of fibronectin-interacting proteins in the GAS isolates. GAS lysates prepared as described in Materials and methods were blotted and probed with fibronectin. Binding of fibronectin to the GAS proteins was detected with antifibronectin antibody.
2004
). This discrepancy may be due, at least in part, to the route of GAS injection; some of the former studies employed subcutaneous and intranasal injections, while the latter studies and ours employed the intraperitonial route. Intraperitoneal injection makes it possible for GAS to gain direct access to normally sterile sites within the body without a previous colonization step. In many patients with STSS, GAS enters through an injury or wound. In such cases, GAS isolates that do not adhere tightly to the host cells could spread more rapidly in the body than those that become trapped at sites by adhesion to host cells. Intraperitoneal injection of GAS may mimic this process. Adhesion is clearly necessary for other types of GAS infectious diseases, such as pharyngitis. In these individuals, GAS attaches to host cells at other locations, such as the throat, and may then colonize the site to begin the infection. The transcriptome of GAS has been reported to change dramatically, allowing GAS to spread after entry into the sterile part of the body (Graham et al., 2006 
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